Colicins are plasmid-encoded bacteriocins active against Escherichia coli and closely related species of Enterobacteriaceae. They promote microbial diversity and genetic diversity in E. coli populations. Colicin synthesis is characteristically repressed by the LexA protein, the key regulator of the SOS response. As colicins are released by cell lysis, generally two LexA dimers binding to two overlapping SOS boxes control untimely expression. Nevertheless, genetic organization of the colicin clusters, additional transcription regulators as well as post-transcriptional mechanisms involving translational efficiency of the lysis and activity genes fine-tune colicin expression and protect against lethality of colicin production.
Introduction
Colicins are toxic exoproteins produced by colicinogenic Escherichia coli and some related species of Enterobacteriaceae [1] . Colicins are plasmid-encoded high-molecular-mass (>20 kDa) bacteriocins. Approximately 40-50% of natural E. coli isolates produce at least one, and often several, colicins. Most of the colicins act by membrane permeabilization, followed by nuclease activity, whereas one colicin, colicin M, inhibits peptidoglycan synthesis by enzymatically degrading the undecaprenyl-phosphate-linked peptidoglycan precursor lipid II [2] .
Colicins provoke their lethal activities in three sequential steps: binding to a specific receptor in the outer cell membrane; translocation through outer-membrane translocators (such as OmpF or OmpC) to reach either the Tol-Pal or Ton systems; and the killing effect. They are assigned to one of the two groups, A or B, on the basis of translocation via the TolPal or Ton system respectively. Colicin polypeptide chains can be divided into three functional domains: the central domain for binding to an outer-membrane receptor; the N-terminal domain for translocation of the colicin through the cell envelope; and the C-terminal catalytic killing domain with a short region for binding of the immunity protein.
Although colicin production is prevalent, so is resistance to colicins. Resistance is provoked by loss or alteration of the specific receptor or translocation system. Previous studies have reported that from 50 to 98% of the examined strains were resistant to most of the colicins tested, whereas 25-40% of the strains were resistant to all the examined colicins [3] .
Nevertheless, colicins have been shown to mediate population and community-level interactions promoting microbial diversity within E. coli populations in the mammalian colon [4] . Furthermore, investigation of the transcriptional response of E. coli to colicins E3 and E9 revealed that the former, inhibiting translation via cleavage of approximately 50 bases from the 5 end of the ribosomal 16S rRNA [5] up-regulated genes of mobile genetic elements (e.g. phage recombinases or insertion sequence origin), whereas the latter, exhibiting DNase activity, up-regulated the damageinducible LexA regulon including the error-prone DNA polymerase V. These studies suggested that colicins may also promote genetic diversity in E. coli populations [6] . Recently, some colicins have been shown to induce synthesis of other colicins [7] .
Lethality of colicin production and release
Several features of colicin production and release can be detrimental to the colicinogenic cell: (i) whereas poreforming colicins and the lipid-II-degrading colicin M are active only on entry into the cell from the outside, nuclease colicins degrade their own DNA necessitating protection immediately following colicin production; (ii) production of the mature lysis proteins provokes cell lysis to release the colicin; and (iii) colicin promoters are intrinsically strong, and full induction can result in a 1000-fold increase in colicin concentrations, with the bacteriocin representing the major protein produced. Thus bacteriocins have evolved precise regulatory measures to ensure the appropriate timing of colicin synthesis and to avoid untimely death of the producer.
Genetic organization of colicin gene clusters
Colicins are encoded on plasmids designated pCol belonging to one of the two classes: type I is small (6-10 kb), present in 15-30 copies per cell and generally encodes group A colicins; type II plasmids are larger (>10 kb), conjugative, present only in a few copies and mainly encode group B colicins [8] . Generally, a cluster of three genes encode colicin production and release in the following gene order: an activity gene encoding the colicin, an immunity gene to protect the producer against the colicin it synthesizes and lastly the lysis gene, required for release of the colicin ( Figure 1 ). In some colicin gene clusters, more than one immunity gene has been found, thus the nuclease ColE3 cluster harbours two immunity genes: one protecting against its cognate colicin and another protecting against colicin E8 [9] . A similar situation is also evident in the colicin E8 and E9 clusters [10, 11] .
Whereas colicin determinants encode an immunity protein adjacent to the activity gene, the lysis gene is absent from some colicin clusters, namely those of the B group, such as the tightly linked colicins B and M, which are actively secreted by an unknown mechanism [12] .
In contrast, in the colicin J cluster, described in a colicinogenic Shigella sonnei strain, the cjl gene encoding the lysis protein is located upstream of the activity gene. In addition, unlike other colicins, colicin J is a polypeptide of 94 amino acids with a molecular mass of 10.4 kDa and is apparently active against EIEC (enteroinvasive E. coli) [13] .
Transcription termination in colicin gene clusters
In operons encoding pore-forming colicins, the activity and lysis genes are transcribed from a common promoter, whereas the immunity gene is transcribed from the opposite strand, from its own weak but constitutive promoter. A terminator situated downstream of the activity gene (T1) ensures that the mRNA of the activity gene is the major transcript, whereas the second transcript is longer and composed of the activity and lysis genes. A second terminator (T2) is situated downstream of the lysis gene [14] (Figure 1 ).
To protect cells producing nuclease colicins, operons harbour the immunity gene downstream of its activity gene and both genes are transcribed from a common promoter. To ensure that the production of the immunity protein is higher than that of colicin, another gene-specific promoter regulates the expression of the immunity gene, and a terminator (T1) is located downstream of the immunity gene. As in operons encoding pore-formers, a second terminator (T2) is situated downstream of the lysis gene. To prevent suicide of nuclease colicin-producing cells, the small immunity protein binds with high affinity immediately following synthesis, inhibiting colicin activity through steric and electrostatic occlusion of substrate DNA binding [15] .
Group B colicin operons that do not encode the lysis gene harbour only one transcription terminator, pore-formers downstream of the activity gene and a nuclease acting downstream of the immunity gene.
LexA regulates colicin synthesis
Colicin synthesis is characteristically regulated by the LexA repressor, the key regulator of the SOS system, comprising more than 40 genes, generally involved in DNA damage repair [16] (Figure 1 ). The protein represses gene expression by binding as a dimer to a 16-mer consensus sequence CTGN 10 CAG, designated SOS boxes [17] . Under normal growth conditions, SOS genes are expressed to different degrees owing to differences in DNA sequences of the SOS boxes, their positions in the promoter region and promoter strength. Most markedly, on DNA damage, but also due to intracellular events, replication forks are stalled and ssDNA (single-stranded DNA) exposed. The ssDNA is bound by the RecA protein forming a helical nucleoprotein filament. RecA nucleoprotein filaments at sites of DNA damage activate autocleavage of unbound LexA, provoking dissociation of LexA from SOS boxes to trigger expression of SOS genes [18] .
Whereas a small number of other LexA regulon genes, namely lexA/dinF, recN, umuDC and yjdM, harbour more than one LexA box [19] , the large majority of colicin operons harbour two overlapping LexA boxes located downstream of the Pribnow box [20] . Exceptions are colicin Ia and Ib possessing only one LexA-binding site, which differ from the E. coli consensus [20] . Binding of two LexA dimers to overlapping LexA boxes is co-operative [21] and the two SOS boxes have been shown to effectively repress expression protecting the producer from overt lysis [22] and inhibit background levels of uninduced transcription [23] . A recent study showed that the association of LexA with a number of SOS operators tested was extremely rapid; however, LexA exhibited variable dissociation rates with significantly slower dissociation from the colicin K activity gene cka [18] . A highly conserved A tract is found in the dual-SOS boxes of bacteriocins at the distal and proximal LexA-binding sites. Conservation of the dual-SOS boxes with a preserved A tract at the distal and proximal LexA-binding sites, has been postulated to enhance bacteriocin promoter strength upon induction, while also increasing repressor binding [20] .
In a population of colicin-producing cells, releasing the colicin by cell lysis, only a small fraction should express the colicin activity and lysis genes. Studies employing gfp fusions with activity genes of some pore-forming colicins, namely colicins K, A, E1 and N as well as the nuclease colicin E7, showed that, in the absence of DNA-damaging treatment, only a very small proportion of cells express the colicin activity gene. In contrast, a gfp fusion with the colicin K immunity gene cki revealed expression in the large majority of the population. In the absence of DNA-damaging treatment, most other SOS genes, including lexA and recA, are expressed in all cells with higher expression in a smaller part of the population [23] [24] [25] . On DNA-damaging treatment, expression is observed in the large majority of the population [23, 25] .
Lag in colicin expression following SOS induction
On DNA damage, SOS genes are not all induced at the same time and level. Whereas most are induced almost immediately, colicin-encoding operons are characteristically expressed following a pronounced lag [18, 26] . The delay in colicin production has been proposed to provide colicinogenic cells time to repair DNA damage [27] . Following prolonged DNA-damaging treatment, lysis of the producer cell to release the colicin is proposed to assist surviving cells by killing potential competitors [7] . Regulation of colicin operons by other transcription regulators, for example the CRP (cAMP receptor protein)-cAMP complex, as well as DNA bending induced by binding of two LexA dimers, have been postulated to provoke the lag in expression [26] .
A recent study showed that, besides LexA, a second transcription regulator, IscR (iron-sulfur cluster), is involved in regulating expression of the colicin K activity gene as well as some other pore-forming colicins. IscR and LexA were shown to bind to adjacent sites in the cka regulatory region, repressing transcription in a co-dependent manner [18] . Previously, IscR was revealed to regulate expression of more than 40 genes involved in synthesis or repair of ironsulfur proteins [28, 29] and it has been proposed that IscR acts as a sensor of the cellular demands for iron-sulfur cluster biogenesis.
IscR exists in two states apo-IscR and holo-IscR, the latter containing an iron-sulfur cluster [29] . Some promoters, including iscR itself, are repressed only by holo-IscR. Thus IscR levels vary depending on the oxidation status of the cell [30] . For most promoters, including that of the colicin K activity gene cka, both apo-and holo-IscR bind and repress transcription. Regulation thus seems to be correlated with changes in the intracellular concentration of IscR. It was shown previously that the cka and colicin E1 genes are induced owing to a lack of nutrients [31, 32] . Thus, in metabolically active cells in the absence of DNA damage, colicin K synthesis is carefully locked off by IscR and LexA repressors. However, following a prolonged SOS response, when nutrients are exhausted and metabolism slows, colicin synthesis is induced and defective cells are eliminated. This may provide nutrients to related neighbours and/or maintain a low mutation rate in a microbial community.
The significance of SOS regulation in the E. coli natural environment has been questioned, as it could be reasoned that, in the gut of the warm-blooded host, DNA-damaging conditions are rare. Nevertheless, co-dependence of LexA and IcsR binding, as found for the cka promoter, could indicate an association between nutrient status and LexA repression in regulation of some colicins. In addition, inflammation in the host could provoke induction of the SOS response via the immune response.
Regulation of lysis gene expression
Colicins are released into the extracellular space via lysis protein activity. Colicin lysis proteins are small lipoproteins composed of 27-35 amino acids, with similar sequences and are synthesized as precursors with a signal peptide at the N-terminus [33] . The precursors are lipid-modified and processed on the periplasmic side of the inner membrane [34, 35] . Following processing, the mature lysis protein activates PLA (phospholipase A) in the outer membrane, resulting in increased cell permeability and colicin release. Expression of lysis genes is tightly regulated owing to their lethal activity. Lysis proteins may act in regulation of colicin synthesis as determined for synthesis of colicin A and colicin E8 [36] . Colicin E7 acts as a non-specific endonuclease [37] and expression of its lysis gene cel has been studied in detail. As described above and as in other Group A colicins, expression of the colicin E7 lysis gene cel is regulated to below the lethal level by a transcriptional terminator, designated T1, located in the intercistronic region between the immunity and lysis genes [1, 37] . Recently, cel expression was also shown to be down-regulated posttranscriptionally by the RNA-binding protein CsrA [38] . The homodimeric CsrA is a carbon storage regulator and acts as a global regulator, activating or repressing many fundamental functions, including repressing glycogen metabolism [39] . To reduce translational efficiency, CsrA binds specifically to the upstream non-coding segment of the cel transcript, the T1 stem-loop and SD (Shine-Dalgarno) element sequences [38] . Under SOS-inducing conditions, the T1 stem-loop structure of ColE7 serves as a transcriptional terminator to reduce readthrough from the SOS-regulated upstream promoter [1, 37] . In addition, during the SOS response, transcription of csrB and csrC, both encoding sRNAs (small RNAs) sequestering CsrA, are down-regulated [38] providing more CsrA to repress translation of the cel gene. The combined effects appear to protect the colicinogenic population from overt cell lysis. It has been hypothesized that CsrA could serve as a regulator of lysis protein expression of E-group colicins [38] . Additional work is required to unravel the interconnection between the Csr network and the SOS response.
Interestingly, the crystal structure of the colicin E7 immunity protein revealed resemblance to the active sites of RNases and indicates that the dimeric ImmE7 may exhibit RNase activity to cleave its own mRNA, regulating expression of the downstream lysis gene as well as degradation of the upstream activity gene [40] .
Additional regulatory mechanisms controlling colicin synthesis
Whereas all colicins are regulated by the LexA protein, additional mechanisms and regulators are involved in finetuning the expression of colicin operons. Thus the CRPcAMP complex has been shown to stimulate expression of the colicin E1 operon [27, 41] ; CRP-binding sites have been identified for colicin Ib [42] , colicin B [43] and cloacin DF13 [44] . Expression has been found to be stimulated in the stationary phase (colicins E1 and K) in response to anaerobiosis, nutrient depletion and high temperature [32, 45] .
Post-transcriptional regulation based on the presence of rare codons has been observed for colicins A, E2 and E3 [46] . In addition, a post-transcriptional regulation mechanism was also described for colicin K. ppGpp was found to stimulate colicin K synthesis by enhancing translation efficiency due to the presence of rare codons at the 5 end of the colicin mRNA. ppGpp regulates colicin K synthesis by shifting the balance between mRNA and tRNA pools, changing the availability of cognate tRNAs [47] .
In conclusion, complex mechanisms of transcriptional and post-transcriptional control fine-tune colicin induction and release to prolonged DNA damage and nutrient status. Recent studies have shown that, in addition, the global regulators IscR and CsrA are involved in the regulation of a number of pore-forming colicins and the ColE7 lysis gene respectively.
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